argll:e that since the 212 stat.e corresponds to the rotational angular momentum being predominantly about the a."'<:is'perpendicular to the plane of the molecule, collisional excitation of formaldehyde from a j= 1 state to a j = 2 state should indeed be preferentially to the 212 state. The results of the calculations presented in this paper do show the cross sections for the 1 10 + 212 and 111 + 212 excitations to be larger than those for the 1 10 + 211 and 111 + 211
~xcitations, thus lending support to·the Townes-Cheung mechanism.
In·the present calculation the collision partner of formaldehyde is taken to be H 2 , which is as sumed to be' spherically symmetric. A model potential is used .\.;hich ,although probably not an accurate representation of the actual potential, should give the essential features of the collision prpcess correctly. All internal degrees of freedom of H2 and all vibrational degre~s of freedom of formaldehyde are ignored. The paper is organized as follows: Section II discusses first how an isolated asymmetric rotor is described semiclassically.
Classical S-matrix theory for atom-asymmetric rotor collisions is summarized in Section III, along with specific aspects of the present applications; the way in which Monte Carlo trajectory calculations were carried out is also described here and in Appendix C. The results of the calculations are presented and discussed in Section IV.
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II. SEMICLASSICAL DESCRIPTION OF THE ISOLATED ASYMNETRIC ROTOR.
In order to apply classical S-matrix thebry5 to a 1;>imolec·ular collision process it is first necessary to describe the internal quantum states (Le., rotational-vibrational states) of the isolated collision partners. This section, therefore, considers the semiclassical description of an isolated asyrrnnetric rotor.
8 " h " " 1 
where j and j z. are the components of j along the corresponding
body-fixed axes. It may be noted that in the oblate limit (K = +1) n 2 = 2 k 2 and in the prolate limit (K = -1) n 2 = _2k'2. 
so that V is related to the quantum mechanical quantity E(K) by
The rotationa.l state of the tlsymmetric rotor can now be described (2.7b) (2.8) \o7ithin the semiclassical frameHork by specifying the quantum number -6-j and the quantity V (determined from tabulated values·of E (K).
,Appendix A 'carries out the carll'Jnical transformations necessary to replace k by n. 
where Q, is the orbital angular momentum quantum number for relative translation of the collision partners, j and v are the quantities that define the rotational state of the isolated formaldehyde as 'in equation (2.7b), j is the total angular momentum'quantum number, rotational (j) plus orbital (£), of the composite system, E is the initial translational energy, and II is the reduced mass of the collision partners. The reader will recognize that (3.1) is identical in form to, the expression for rotational-vibrational excitation in the atom-diatom collis:i..on system,IO except that here V is related to (3.1) thecpmponents of j about body fixed axes rather than being a vibrational quantum number. The sums over Q,l and 9'2 in (3.1) result from an average and a sum over the initial and final m states of the rotor, respectively.
The semiclassical approximation to the S-matrix elements in (3.1) is constructed according to the general prescription that has been
ga1n, t e expre3S10n 1S 0 t e same arm as t at or the 10 6d
atom-diatom rotational-vibrati.onal system: '
where the sum indicates a sum of such terms for all trajectories which obey the correct initial and final boundary conditions; see ref.
5 and 10 for more details.
In order to use eauations (3.1) and (3.2) it is necessary set"is performed in the initial arid final asymptotic regions.
Formaldehyde is almost a prolate symmetric top (K = -0.9610644 for the adopted geometry) so that the component of angular momentum along -9-the CO bond axis of isolated fonnaldehyde is almost conserved. 11 Since the relationship between k and n is also not very tractable (see Appendix A~ it was decided to compute the trajectories
I2
in the ~tjtk,q~,qj,qk set of canonical coordinates. Appendix B gives the canonical transformations and necessary relations for this coordinate set.
The classical Hamiltonian is given in this set'of canonical variables by
where R is the distance bet~veen the centers of mass of the collision the ith atom of formaldehyde and the H2 center of mass. Table I lists the values of the parameters that were chosen for this woik.
The S. values were chosen so that the "sizes" of the atoms for the 1 energy range considered would be comparable to the usual Van der Waals radii of these elements in organic compounds.
This model potential is admittedly quite crude .in that it neglects the long range attractive forces and that the sho,rt range repulsion is not steep enough. HQ"tvever, the quantity of interest for the astrophysical problem is the relative size of two cross sections, so that the detailed form of the potential beyond that which'determines the effective sizes of the atoms may not significantly affect the result. The presumed effect of an attractive part of the potential would be to give the collision partner a higher kinetic energy when it hits the repulsive \val1. It would be more important in grazing collisions, but at the kinetic energies considered it is probable that these colHsions \V'Ould not be able to effect the necessary energy transfer. Consequently, it is believed that the major effect of the neglected attractive well on the inelastic cross sections would be to shift the results in energy without dramatically , affecting their shape.
The structure of formaldehyde given in ref. agreement with the observed population ratio corresponding
In surr~ary. therefore, the results of our calculations do
show that rotational excitation of formaldehyde from the 111 and · . where a = h 2 A etc.
We now eliminate P 8 in favor of j, the magnitude of the rotational angular momentum by a canonical transformation using an F2 generator • . Comparing (A.14) with (A.7) it can be ·seen that V is simply related
In the limit of K = +1, j = 11k and in the limit K = -1, j = hk , x + ' · z -so that n 2 has the correct behavior in the two limits. In order to transform from the k, qk set to the n, qn set 've have that n 2 · 2 2
The F2 generator that eliminates k in favor of n is given by
2 2 Now n has the dimensions of (momentum) , but it can be seen from 2 (A.12) that n can take on either positive or negative values.
The integral in (A.l7) must be worked out separately for the tw·o 2 . signs of n , and it 'viII be seen that no logical inconsistencies result from allowing n 2 to be les~ than zero. Indeed, the case (A.16) (A.17) that n 2 = 0 is exactly the potnt at which (A. 11) becomes discontinuous. and IT (¢,n,k) is the elliptic integral of the third kind It is now desired to rep1acerr, by J, and to express y and S in terms of the final angle variables~ The first is done \vtth the ge.nerator , .
-27-' F4 (j,l,M,m; J,j,l,M) We first approximate the infinite su~ over t.) by ari integral We now have Since it is more convenient to compute the trajectories in the k,Ql.
i\.
set of canonical variibles rather than the ~,q~ set, we would like expression to involve only the former set. Frdm the results in Appendix A we have that 
where b. is the length of the v 2 "box". Eq. (C.6) is now in a form amenable to Monte-Carlo evaluation and is the. desired result.
-32- transitions is rK ± 'V ~5°K (see Table II ). 
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